Consumption of food while drinking alcohol has been suggested to play important roles in alleviating the physiological and pharmacological influences of alcohol. Vegetables are believed to provide health benefits, but there is little evidence for their influence on the effects of alcohol consumption. The present study aimed to investigate the effect of a common vegetable, tomato, on alcohol metabolism. In a randomized, controlled, crossover study with12 Japanese healthy men aged between 24 and 56 years, drinking tomato juice containing 5% (v/v) alcohol (TJAlc) significantly attenuated the elevation of blood ethanol level and subsequently increased the level of acetate compared with a water-based alcoholic beverage with an equal dose of alcohol (0.4 g/kg body weight). Significantly higher levels of blood pyruvate and lactate were also observed in subjects who had consumed TJAlc compared with those consuming the water-based beverage. Additionally, a biphasic alcohol effects scale method showed that subjective feelings for alcohol-induced stimulant effects were significantly enhanced by drinking TJAlc. Animal experiments using male Sprague Dawleyrats suggested that the effect on blood biomarkers was attributable to the serum fraction of tomato (TS), which largely consisted of aqueous compounds, but not lipophilic compounds such as the carotenoid lycopene. Furthermore, it was suggested the TS possibly included potent compound(s) in addition to alanine, glutamine, and citric acid, all of which have previously been reported to affect alcohol metabolism. Administration of TS clearly increased the activity of NAD (H)-dependent enzymes such as lactate-(LDH), alcohol-, and aldehyde-dehydrogenase in rat liver cytosols. These findings suggest that aqueous compound(s) in tomato promote alcohol metabolism, probably through increasing pyruvate level, enhancing LDH activity, and improving the ratio of NAD to NADH.
Introduction
Moderate consumption of ethanol is widely believed to have beneficial effects for human health, whereas high consumption causes many serious medical problems [1] [2] . In addition to its physiological effects, ethanol can influence psychological factors such as mental health and social behaviors. It is therefore important to regulate the levels of ethanol itself, and of its metabolites, to reduce the risks and achieve the benefits brought by ethanol. To date, a large body of fundamental and clinical knowledge on the regulation of alcohol metabolism has been accumulated [3] . However, it is still difficult to regulate alcohol metabolism, because it is governed by a broad array of environmental factors including genetic and physiological differences in individuals [4] [5] , and drinking conditions such as the type of alcoholic beverage, the amount of alcohol consumed, and foods taken with alcohol [6] .
As reported in 1925 [7] , food intake while drinking alcohol has been suggested to alleviate the increase of blood ethanol, a phenomenon that is possibly mediated by distinct mechanisms such as promotion of first-pass metabolism (FPM) in digestive organs and up-regulation of alcohol metabolism in the liver. For the former, a human study recently demonstrated that FPM was up-regulated by taking foods with alcohol [8] . For the latter, various food materials and their components have been reported to regulate the hepatic enzymes responsible for alcohol metabolism [9] - [11] . Despite of a lack of scientific evidence on the beneficial effects of food consumption with alcohol, certain foods have traditionally been consumed while drinking alcohol, a practice that can be observed in many cultures throughout the world.
Tomato (Solanum lycopersicum), one of the most commonly consumed vegetables in the world, is cooked or processed in many different ways. Particularly in Western countries, tomato has long been used for alcoholic beverages such as the beer-based "Red Eye" and the vodka-based "Bloody Mary". Tomato is believed to contribute to human health because of its various nutrients and phytochemicals such as vitamins, minerals, fibers, and the carotenoid lycopene [12] - [15] , but the reason why tomato has been preferably consumed while drinking alcohol remains unclear. The aim of our study was to investigate the effect of tomato on alcohol metabolism in vivo in humans, and to clarify the active compounds in tomato and their potential mechanisms of action using experimental animal models.
Materials and Methods

Materials
Tomato paste with Brix 20 (Kagome USA, Inc., CA) was used in the present study. For the human study, the tomato paste was diluted with distilled water and mixed with clear liquor containing 25% (v/v) alcohol (AsahiGroup Holdings, Ltd., Tokyo, Japan) to produce the test beverage, tomato juice containing 5% (v/v) alcohol (TJAlc). The final Degrees Brix 5.5 was much the same as common tomato juice commercially available in Japan. The counterpart control beverage containing 5% (v/v) alcohol was prepared by replacing the diluted tomato paste with distilled water. The nutrient compositions of these beverages are shown in Table 1 . For the animal experiments, the tomato paste was centrifuged at 12,000 × g for 15 min, and the resulting supernatant was concentrated with a rotary evaporator to yield a tomato serum (TS) that consisted primarily of the aqueous components ( Table 2) .
Human Study
This study was approved by the Asahi Group Holdings, Ltd. Ethics Committee and the Ethics Committee of Kagome Co. Ltd., and was carried out in accordance with the International Ethical Guidelines and Declaration of Helsinki. Written informed consent was obtained from each subject. Twelve apparently healthy male Japanese subjects, aged 24 -56 years, non-smokers, not currently taking medication, who currently consumed alcohol at least once a week, were recruited for this study. A randomized, controlled, crossover study was conducted on the control alcohol beverage and the test beverage, TJAlc. Subjects who had refrained from drinking alcohol for 1 day were given either of the above beverages at a dose of 0.4 g alcohol per kg body weight on an empty stomach. Just before (0), and 30, 60, 120, and 180 min after drinking the beverage, blood samples (approximately 1.5 mL) were collected from the arm for determination of blood ethanol, acetate, pyruvate, and lactate levels. Additionally, alcohol-induced stimulant and sedative effects were investigated based on a Biphasic Alcohol Effects Scale (BAES) method that was established by Martine et al. [16] , and has been used in many studies with various human populations, including Caucasians and Asians [17] [18] . Briefly, 0, 30, 45, 60, 90, 120, and 180 min after drinking the alcoholic beverage, subjects scored their feelings between 0 and 10 for a total of 14 items representing alcohol-induced effects, including seven stimulant (elated, energized, excited, stimulant, talkative, up, and vigorous) and seven sedative (difficulty concentrating, down, heavy head, inactive, sedated, slow thoughts, and sluggish) effects. Following a period of at least 1 week of washout, which was set according to the previous study [19] , subjects were tested on the counterpart beverage in a similar manner.
Animal Experiments
All animal experiments were approved by the Animal Care and Use Committee of Kagome Co., Ltd. in accordance with the guidelines established by the Japanese Society of Nutrition and Food Science (Law and Notification 6 of the Japanese Government). Male Sprague Dawley (SD) rats were acclimatized on a laboratory diet (MF diet; Oriental Yeast Co., Ltd., Tokyo, Japan) in individual stainless steel cages for at least 1 week prior to the experiments.
For the first experiment, nine SD rats were randomly divided into three groups and then subjected to a Latinsquare-based three-treatments, three-periods (3 × 3) crossover experiment to evaluate the effects of water (control), TS, or a mixed solution of TS components (alanine, glutamine, and citric acid (AGC), which have been reported to promote alcohol metabolism [20] [21]) on blood ethanol, acetate, pyruvate, and lactate levels. At each period, rats were gavaged with water, TS, or AGC at a dose of 10 mL/kg-body weight. The AGC contained concentrations of alanine, glutamine, and citric acid equal to those found in TS ( Table 2 ). Fifteen minutes after the gavage, rats were orally challenged with a 20% (v/v) aqueous ethanol solution at a dose of 2.0 g/kg body weight. Before and 60, 120, 180, and 240 min after the ethanol challenge, blood was collected by nicking the tail vein, and was used for determinations of the biomarkers mentioned above. An interval of at least 1 week was set between the different test periods.
For the second experiment, the effect of TS on the activity of hepatic enzymes responsible for alcohol metabolism was investigated. SD rats were divided into two groups: control (n = 4) and TS (n = 5), then gavaged with either water or TS, respectively (10 mL/kg body weight). Both groups of rats were orally injected with 20% (v/v) aqueous ethanol solution at a dose of 2.0 g/kg body weight 15 min after the gavage. One hour later, rats were euthanized and their livers were harvested, frozen in liquid N 2 , and stored at −80˚C until analyzed.
Analyses of Biomarkers in Blood
Blood ethanol levels were determined according to a previous report [22] . Briefly, collected blood (50 µL) was immediately treated with 2.5 mL of ice-cold 4% (w/v) perchloric acid (PCA) in a capped tube. After centrifugation at 3000 × g for 15 min at 4˚C, 2.0 mL of supernatant was transferred to a glass vial containing 0.50 g of solid NaCl. The PCA-treated samples were applied to a headspace gas chromatograph equipped with a flame ionization detector (6890N GC System; Agilent Technologies, CA). Separation of ethanol was performed using a DB-WAX column (60 m × 0.25 mm, Agilent J & W GC Columns) under the following conditions: flow rate, 20 mL/min; temperature, 240˚C.
For analysis of blood acetate, pyruvate, and lactate levels, 100 µL of blood was mixed with 200 µL of icecold 4% PCA and centrifuged (3000 × g for 15 min at 4˚C). The supernatant (200 µL) was subjected to simultaneous analysis of organic acids using high-performance liquid chromatography (Prominence, Shimadzu, Kyoto, Japan) on the basis of a post-column pH buffered electric conductivity detection method [23] . Briefly, the organic acids were separated on two tandemly arranged columns (Shim-pack SPR-H, 250 × 7.8 mm, Shimadzu) in an isocratic mobile phase of 5 mM p-toluenesulfonic acid solution and detected by an electric conductivity detector (CDD-6A, Shimadzu) in post-column pH buffering solution of 5 mM p-toluenesulfonic acid solution containing 20 mM bis-tris and 0.1 mM EDTA. Both the mobile phase and the pH buffering solution were set at a flow rate of 0.8 mL/min.
Measurements of Hepatic Enzyme Activity
Subcellular fractionation of rat livers was done according to the method of Kishimoto et al. [24] . In brief, 0.5 g of liver was homogenized in 2 mL of 10 mMtris-HCl (pH 7.4) containing 0.25 M sucrose and 1 mM 2-mercaptoethnaol on ice. After removing the nucleus and debris by centrifugation at 750 × g for 10 min at 4˚C, the supernatant was further centrifuged at 10,000 × g for 15 min at 4˚C to obtain the mitochondrial pellet. The remaining supernatant was centrifuged at 100,000 × g for 60 min at 4˚C to separate the sedimentedmicrosome from the cytosolic fraction. All fractions were stored at −80˚C until analyzed.
Enzyme activity of alcohol dehydrogenase (ADH) was measured in 96-well clear plates. The cytosolic fraction was applied to each well containing 0.1 mM glycine-NaOH buffer (pH 10.6) and then incubated at 25˚C for 5 min. The enzyme reaction was started by addition of 10 µL of 2.0% (v/v) ethanol to the well, bringing the total volume to 200 µL. The initial velocity of NADH generation was measured at 340 nm for 10 min at 25˚C. Blank reaction rates without ethanol were also determined. ADH velocity was normalized to the protein concentration •cm −1 . For measurement of enzyme activity of aldehyde dehydrogenase (ALDH), each fraction was added to an assay mixture containing 50 mM sodium pyrophosphate buffer (pH 8.0), 1 mM NAD, and 0.1 mM pyrazole in the well of the 96-wellplate. Following addition of 10 µL of 80 mM propionaldehyde, generation of NADH was monitored at 340 nm for 10 min at 25˚C. ALDH activity (nanomole of NADH per minute per milligram) was calculated in the same manner as the ADH assay mentioned above. In addition, microsomal and mitochondrial fractions were suspended in 0.25 M sucrose and then solubilized by treatment with 1% (w/v) sodium deoxycholate before being used for the ALDH assay.
Enzyme activity of lactate dehydrogenase (LDH) was measured in the cytosolic fraction in a 10-mm quartz cuvette. The fraction was mixed with 100 µM phosphate buffer (pH 7.4) containing 2 mM NADH in the cuvette. The reaction was started by the addition of 100 µL of sodium pyruvate, bringing the volume to 2.4 mL. The decreasing velocity of NADH was measured at 340 nm for 10 min at 25˚C. LDH activity (nanomole of NADH per minute per milligram) was expressed as previously mentioned.
Statistics
Subjective feelings on the effects of alcohol were scored based on the BAES method. The scores are shown as boxplots consisting of the minimum, 25th percentile, median, 75th percentile, and the maximum observations. Differences between groups were determined by the Wilcoxon single rank test. Other values are shown as mean ± standard deviation. Differences between groups were determined using the Student's t-test or the Tukey Kramer's post hoc test after a one-way analysis of variance. Results were considered statistically significant at p < 0.05.
Results
Blood Biomarkers Representing Alcohol Metabolism in Humans
After drinking the control beverage at an alcohol dose of 0.4 g/kg body, blood ethanol level reached a maximum level of 0.42 ± 0.08 mg/mL at 60 min, and thereafter it fell, reaching half the maximum level at 180 min. In contrast, the elevation of the blood ethanol level was attenuated, and it subsequently remained at a significantly lower level through 180 min of the test period, in the subjects who consumed the TJAlc (Figure 1(A) ). The calculation of elimination time of blood ethanol by extrapolating the descending part of the blood ethanol curve revealed that the TJAlc shortened the elimination time by approximately 1 h compared with that after drinking the control beverage (Figure 1(B) ). Associated with the lower blood ethanol level, the increase in blood acetate level was significantly enhanced in subjects who had consumed the TJAlc (Figure 2(A) ). Blood pyruvate level was decreased by consuming alcohol; this effect was partially but significantly suppressed at 60 and 180 min after drinking TJAlc (Figure 2(B) ). Conversely, a rising trend of the blood lactate level was observed after consumption of alcohol, as is well known. This effect was significantly enhanced over 60 min after drinking TJAlc (Figure 2(C) ).
Alcohol-Induced Stimulant and Sedative Effects
Subjective feelings on alcohol-induced stimulant and sedative effects were investigated after drinking the control alcoholic beverage or TJAlc. Changes in total scores for seven stimulant items and seven sedative items are shown in Figure 3 . The Wilcoxon's single rank test determined that the total score for stimulant effects was significantly enhanced at 45 min and 90 min after drinking TJAlc compared with the control beverage. Three items in particular contributed to the higher total score: "up" (median: control, 2.6; TJAlc, 5.5; p < 0.05, at 45 min), "vigorous" (median: control, 1.8; TJAlc, 4.7; p < 0.05, at 45 min), and "energized" (median: control, 2.2; TJAlc, 2.9; p < 0.05, at 90 min). In contrast, there were no significant differences in either total score or individual scores for sedative effects of alcohol between the two groups.
Tomato-Derived Compounds Contributing to the Acceleration of Alcohol Metabolism
Results of a preliminary study showed that the effect of tomato juice on alcohol metabolism was primary attributable to TS, containing mainly aqueous components of tomato, but not to lipophilic compounds such as the carotenoid lycopene (data not shown). Analyses of typical compounds including saccharides, amino acids, and organic acids showed that the TS contained alanine, glutamine, and citric acid, all of which have been reported to influence alcohol metabolism ( Table 2) . Therefore, TS and the mixture of these compounds (AGC) were assessed for their effects on alcohol metabolism in SD rats. Oral administration of TS noticeably inhibited the elevation of the blood ethanol level after the dose of alcohol (Figure 4(A) ). A significantly lower blood ethanol level was also observed in rats gavaged with AGC, which contained equal concentrations of alanine, glutamine, and citric acid as were present in TS. However, the effect was not compared with that of TS. Blood levels of pyruvate and lactate were significantly increased by administration of TS in rats, whereas those were not influenced by AGC (Figure 4(B), Figure 4(C) ). Notably, TS-induced increases in the levels of pyruvate and lactate were consistent with the observations in the human study, in which TJAlc was given to male subjects. In contrast, other major aqueous compounds in tomato such as glucose and fructose did not show any effect on alcohol metabolism in rats (data not shown).
Enzyme Activities Involved in Alcohol Metabolism
To determine the effect of tomato or its aqueous components on alcohol metabolism, activities of ADH, ALDH, LDH, and alanine aminotransferase (ALT) enzymes were measured in rat livers that were harvested 60 min after alcohol gavage. Figure 5 summarizes the activity levels of these NAD(H)-dependent enzymes in liver from rats with or without TS administration 15 min prior to alcohol gavage. The administration of TS increased ADH and ALDH enzyme activity in the cytosolic fraction from rat liver (p = 0.082, Figure 5 (A), Figure 5(B) ). LDH catalyzes the reduction reaction from pyruvate to lactate; TS significantly increased the activity of LDH in liver cytosol ( Figure 5(C) ). Enzyme activity of ALT was not influenced by the administration of TS (Figure 5(D) ). ALDH enzyme activity was also measured in microsomal and mitochondrial fractions, but did not show any changes (data not shown).
Discussion
Concomitant intake of alcohol with tomato juice significantly slowed the elevation of blood ethanol levels and thereafter shortened the elimination time from blood in healthy adult male subjects. This was clearly confirmed by two related results; 1) markedly increased levels of blood acetate were observed, and 2) significantly enhanced stimulant effects of alcohol were observed when subjects consumed the test beverage, TJAlc. In the present study, the blood pharmacokinetics of the metabolic intermediate acetaldehyde were not analyzed, because the subjects may have had either the normal (ALDH2*1/1), or the partly deficient (ALDH2*1/2), variant of ALDH2, the enzyme that plays the most pivotal role in the oxidation of acetaldehyde to acetate [25] . However, the increased levels of blood acetate were highly likely to result from the acceleration of ethanol metabolism by concomitant intake with tomato juice. Alcohol induced stimulant effects are generally higher at a relatively low blood ethanol level [16] ; the BAES method showed the stimulant effects were enhanced in subjects who had consumed TJAlc. This supports our observation that concomitant intake of alcohol with tomato juice accelerated alcohol metabolism in male subjects. The effect of tomato on alcohol metabolism was completely attributable to aqueous components of tomato, not to the carotenoid lycopene, for which various physiological effects have been reported (primarily owing to a high scavenging ability for singlet oxygen). On the basis of a recent metabolomics analysis [26] that reported tomato fruit has at least 869 compounds, there are likely to be several hundred aqueous compounds including sugars, amino acids, organic acids, and polyphenols. Of these compounds, alanine, glutamine, and citric acid have been suggested to promote alcohol metabolism [20] [21] . However, these known compounds showed only minor effects on alcohol metabolism compared with TS. This indicates that other aqueous compounds with higher potencies must be present in tomato. The isolation and identification of these compounds is currently in progress.
A number of mechanisms have been proposed to explain how intake of foods could lower the blood ethanol levels; the pyruvate that occurs in the metabolic processing of some nutrients such as saccharides and glycogenic amino acids has been suggested to play an important role in some of these. Several studies have demonstrated that pyruvate serves to promote the re-oxidation of NADH that has been converted from NAD and accumulated in response to alcohol consumption, improving the ratio of NAD to NADH, and clearly increasing the metabolic turnover of NAD(H)-dependent enzymes involved in alcohol metabolism [27] - [30] . Our studies also showed a higher blood pyruvate level, both in male subjects who had consumed alcohol with tomato juice, and in SD rats , and lactate (C) levels in male SD rats, which were gavaged with either water (control; n = 9), the aqueous fraction of tomato (TS; n = 9) or a solution containing alanine, glutamine and citric acid (AGC; n = 9), followed by an ethanol challenge (2.0 g/kg body weight). Data are shown as mean ± SD. Different letters indicate significant differences, p < 0.05 (Tukey-Kramer). Figure 5 . Alcohol dehydrogenase (ADH) (A), aldehyde dehydrogenase (ALDH) (B), lactate dehydrogenase (LDH) (C), and alanine aminotransferase (ALT) (D) enzyme activity in liver cytosol obtained from male SD rats, which were gavaged with either water (control; n = 4) or the aqueous fraction of tomato (TS; n = 5), followed by an ethanol challenge (2.0 g/kg body weight). Data are shown as mean ± SD. P-values are indicated on the graphs (Student's t-test).
that had been gavaged with the TS, aqueous fraction of tomato. Furthermore, significant increases in blood lactate level and hepatic LDH enzyme activity were observed in response to consumption of aqueous compounds of tomato in the present study. These related findings provide a possible explanation on the effect of tomato as follows. First, active compound(s) in tomato increase the pyruvate level either by being a direct source of pyruvate, or by up-regulating the pathway involved in pyruvate synthesis. Second, the increased pyruvate level en-hances hepatic LDH activity and subsequently the level of the metabolite lactate is increased. Third, LDH concurrently acts to improve the ratio of NAD to NADH by re-oxidation of NADH. Fourth, alcohol metabolism is accelerated by increasing activity of NAD-dependent enzymes such as ADH and ALDH. With respect to the increased level of pyruvate which was considered as an initiation step in the effect of tomato, it was suspected that pyruvate was originally present in tomato. However, pyruvate was not detected in tomato samples used in the present study, which is in agreement with a report by Yin et al. [31] , which showed the pyruvate level in tomato fruit was extremely low compared with other organic acids such as citric acid. Hence, it seems unlikely that the pyruvate came directly from the tomato juice. In the present study, a representative glycogenic amino acid, alanine, significantly lowered blood ethanol, but did not affect pyruvate level, when administered to rats by oral gavage. In addition, hepatic ALT enzyme activity was not significantly increased by administration of TS. These results suggest that pyruvate biosynthesis from alanine might not be involved in the effect of aqueous active compounds in tomato. In parallel with searching for active compounds, the mechanism by which these compounds increase pyruvate levels should be clarified in ongoing and future experiments.
Conclusion
We conclude that consumption of tomato (or drinking of tomato juice) while drinking alcohol accelerates alcohol metabolism in human subjects. Tomato is therefore likely to be one of the best suited foods to moderate a range of the effects of alcohol.
